INTRODUCTION
Glacier signals are key elements for early detection (and warning) of climatic change and therefore worldwide glacier monitoring already has a long tradition [2] . Hence, the importance of remotely-sensed data sets in the glaciological context is indisputable. In the field of synthetic aperture radar (SAR) remote sensing, a lot of work has been done using (interferometric) spaceborne data but only relatively few investigations exist that focus on the analysis of multi-parameter airborne SAR measurements in the context of temperate or Alpine glaciers [3] . Despite the difficulties in processing and accurately calibrating airborne SAR measurements affected by high topographic gradients, there is a definite need for higher resolution and multiparameter imaging for glaciological applications. As a joint venture experiment of two airborne SAR sensors − E-SAR (Experimental SAR) and CARABAS (Coherent All Radio Band Sensing) − the Swiss Alpine Airborne SAR Experiment (SAS-ARE) provides a substantial contribution to this requirement [1] , [4] .
II. METHOD
Polarimetric SAR interferometry (Pol-InSAR), in a broad sense, the measurement of the complex scattering matrix at the end of an interferometric baseline, has become an established method for the analysis of complex scattering mechanisms within volumes, for the description of coupled ground/ volume scattering scenarios, and for the extraction of geo-/biophysical parameters [5] .
The more stringent mathematical definition of Pol-InSAR is the optimisation of the amplitude of the complex interferometric coherence (henceforth referred to as coherence) using optimal (or singular) polarisations that minimise volumetric decorrelation effects [6] . Detailed studies analysing the coherence as a function of polarisation, (spatial) baseline, and system frequency were presented in [7] . For glaciological applications, no Pol-InSAR analyses or applications have been found in the literature for Alpine glaciers. Within the scope of SASARE, the Pol-InSAR technique was applied using the E-SAR system of the German Aerospace Center (DLR) in a multi-temporal/-frequency configuration.
III.
TEST SITE Several test sites within the SASARE project are located in the Jungfrau-Aletsch-Bietschhorn UNESCO World Natural Heritage Site, the most glaciated area in the Alps incorporating the Great Aletsch glacier, the largest and longest in western Eurasia. In common with most Alpine glaciers, the Great Aletsch is considerably suffering under current climate conditions. The individual test sites − characterised by different physical snow and ice properties as well as specific glaciological processes − had been carefully placed below and significantly above the equilibrium line in the cold infiltration zone (cold firn), warm infiltration zone (temperated firn), and ablation zone. Therefore, snow wetness and/or water content of the ice are strong functions of the selected test sites and the SAR acquisition date. The dominant role of liquid water is to increase microwave absorption. Since the water content is related to surface reflectivity, it also determines the extent of volume scattering. Thus, large changes in microwave observables are expected at the freezing point (temperated firn, ablation zone), while rela-
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One test site includes a cold and only slightly tilted high-altitude Alpine glacier with a mean ice thickness of 100m and a mean elevation of about 3900m. The glacier is bordered by steep ice and rock faces, leading to an inverse temperature profile in the ice body, which lies between (surface) and (close to bed-rock) [9] . Meltwater produced occasionally by intense solar radiation refreezes some decimetres below the surface (cold infiltration zone). Measured accumulation rates are w. e. with very strong spatial and temporal variations due to the wind exposed location of the test site. Due to the low slope and the presence of cold ice, accumulation history is conserved over long time periods. Consequently, several ice cores were investigated [10] . Different ice core drillings and radar measurements between 1989 and 2002 revealed an ice thickness between 77m and 150m [10] , [11] , [12] . From the glaciological point of view, investigation of a temperature and density dependent three dimensional flow model requires an accurate knowledge of surface and bed topographies, internal layers (accumulation distribution) and density distributions.
IV.
DATA SET
The multi-baseline and multi-temporal L-( ) and Pband ( ) Pol-InSAR flights were carried out in September and October 2003 and therefore represent the end of the ablation period as well as early winter conditions. The SAR measurements were accompanied by several extensive ground truth campaigns. Corner reflectors of various types and sizes were mounted at assorted test sites for calibration and validation purposes.
V. EXPERIMENTAL RESULTS
This chapter presents preliminary PolSAR (Section A) and Pol-InSAR (Section B) analyses of the E-SAR measurements. Table I shows a multi-temporal entropy-( -)/ -decomposition (based on the eigenvalue decomposition of the polarimetric covariance matrix in the Pauli basis [13] ) as a function of different glaciological surface types (L-band in the left, P-band in the right column). The first and the third rows represent surface conditions at the end of the ablation period (September), the second and the fourth rows the corresponding situation during early winter (October).
A. Analyses of PolSAR Measurements
The polarimetric scattering behaviour is shown for a test site in the warm infiltration zone and one in the ablation area; the type of snow cover − if existent − is indicated. As expected, mainly surface and volume scattering are identifiable in the -/ -plane. Wet snow with its high microwave absorption is mainly characterised by surface scattering (first row). At Lband, rough ice surfaces in the ablation zone considerably increase the spread of -/ -values (third row). On the other hand, the entropy and alpha angle increase slightly in the warm infiltration zone as well as in the ablation zone in the presence of dry snow cover, introducing (additional) volume scattering components (second and fourth rows).
- In Fig. 1 , the polarimetric scattering behaviour at L-and Pband of a test site located in the cold infiltration zone is demonstrated. At L-band, a typical volume scattering behaviour with the highest combination of -and -values of the selected test sites is observed. The P-band -/ -signatures correspond to a transition between surface and volume scattering. The extent to which the polarimetric behaviour was determined by the geometry and magnitude of horizontal and/or vertical inhomogeneities in the cold firn will be further analysed. 
B. Analyses of Pol-InSAR Measurements
The sensitivity of polarimetric observables to surface and volume scattering characteristics is well known from the literature and was also demonstrated in Section A for the different surface types covered by our experiment.
In this section results from polarisation-dependent interferometric coherence estimates are analysed for the different sub test sites. Table II shows − similar to Table I − the multi-temporal Pol-InSAR signatures (normally used for the representation of the polarisation-dependent interferometric coherence in the complex unitary circle [CUC]) as a function of glaciological surface type at L-band for the optimum as well as for the -polarisation basis. Three different interferometric baselines are considered for the September measurements, one interferometric baseline for October. As expected, only little polarisationdependent interferometric phase variation is observed in the CUC in September. Mainly surface scattering occurs in the test sites in the warm infiltration as well as in the ablation zone. These residual phase variations are either a consequence of the number of looks during coherence estimation (see the October examples) or due to violations of spatial stationarity. Usually, high interferometric fringe frequencies significantly degrade the coherence for volume and surface scattering and therefore may bias its representation in the CUC. This is especially true for medium to high effective number of looks during coherence estimation. Since the test site contains a significantly sloped terrain, interferometric topography compensation was carried out using a digital elevation model. 
TABLE I. MULTI-TEMPORAL ENTROPY-( -)/ -DECOMPOSITION AS A FUNCTION OF GLACIOLOGICAL SURFACE TYPES (L-VS. P-BAND).
-/ -Decomposition Table III shows − similar to Fig. 1 − a comparison of Pol-In-SAR signatures in the CUC for L-and P-band for the cold and the warm infiltration zone and − as a reference for 'pure' surface scattering − for a bare rock surface. If really existing, the interferometric phase variations seem to be slightly larger in the cold than in the warm infiltration zone. However, whether or not these observations are statistically significant needs to be further investigated. Even though systematic relations between the polarisation-dependent interferometric coherence estimates are hardly observable, the optimum polarisations seem to be more radially located in the CUC than the -polarisations.
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SUMMARY
A multi-temporal/-baseline Pol-InSAR experiment at L-and P-band was carried out over an Alpine glacier. Different glaciological surface types were analysed using PolSAR and Pol-In-SAR observables. The results confirm a strong dependency of polarimetric measurements on cold vs. warm firn. Little polarisation-dependent interferometric phase variations were observed in the cold infiltration zone. However, further statistical analyses will need to verify these preliminary results. 
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